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SUMMARY

phenomenaof isolatedopenandclosedrigid
moveunderelasticrestrainthavebeen

investigatedexperimentallyat lowspeedsby meansofmodelssuspended
at zeroanglesofattackandyawon slenderflexiblestrutsfroma wind-
tunnelceiling.Threetypesof instabilitywereobserved- fluttersimi-

% larto classicalbending-torsionflutter,divergence,andan uncoupled
oscillatoryiristabilitywhichconsistsinnonviolentcontinuousor inter-
mittentsmall-amplitudeoscillationsinvolvingonlyangulardeformations.

* Thespeedsatwhichthisoscillatoryinstabilitystartswerefoundtobe
as lowas aboutone-thirdofthespeedat flutterordivergenceandto
dependontheshapeofthebody,particularlythatof theafterbody,and
ontherelativelocationoftheelasticaxis,

An attempthasbeenmadeto calculatetheairspeedsand,inthe
caseoftheoscillatoryphenomena,thefrequenciesatwhichtheseinsta-
bilitiesoccurby ustigslender-bodytheoryfortheaerodynamicforces
onthebodiesandneglectingtheaerodynamicforceson thestruts.How-
ever,theagreementbetweenthespeedsandfrequenciescalculatedh this
mannerandthoseactuallyobservedhasbeenfoundtobe generallyunsat-
isfactory,withtheexceptionofthefrequenciesof theuncoupledoscil-
lationswhichcouldbe predictedwithfairaccuracy.TheMtue ofthe
observedphenomenaandoftheforcesonbodiesofrevolutionsuggests
thata significantimprovementintheaccuracyofanalyticalpredictions
of theseaeroelasticinstabilitiescanbe hadonlyby takingintoaccount
theeffectsofboundary-layerseparationontheaerodynamicforces.

lSupersedestherecentlydeclassifiedNACARML53E07,“AnExplora-
toryIYwestigationof SomeTypesofAeroelasticbstabilityofOpenand

● ClosedBodiesofRevolutionMountedonSlenderStruts”by S.A. Clevenson,
E.Widmayer,Jr.,andFkanklinW. Diederich,1953.
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●

moDuwIoN

b
Flutter,divergence,ands~lar aeroele,sticinstabilityproblemsof

wingsandtailsurfaceshavebeenrecognizedfor~ longtime. Onthe
otherhand,therelatedproblemofaeroelasticinstabilityofbodiesof
revolution(generallyhereinafterreferredto simplyas “bodies”)has
becomeof interestonlyrecently,prharilybecauseonlyrecentlyhave
externalstoresandfueltanksintheshapeofbodiesofrevolutionbeen
carriedonhigh-speedatiplmes,andonlyathighspeedsdotheaero-
mc forcesexertedonh~ies at low~les ofattackbecomesuffi-
cientlylargeto giverisetoaeroelasticproblems.

Thereareseveraldifferencesintheaeroelasticinstabilityphe-
nomenaofwingsandofbodies,thatis,inthenatureofthemotions,in
thenatureof theaerodynamicforcesinvolved,andinthenatureofthe
resultingphenanena.

Theaeroelasticphenomenaofwingsessentiallyinvolvedeformations
ofthewingsthemselves,whereasthoseofbdies ereveryunlikelyto
involvesignificantdeformationsofthebodiesandsrebased,instead,
on thedeformationofthemeniberssupportingthebody. Forinstance,a
fueltankcarriedontwostruts,onebehindtheother,undera wing,or +-
a ramjetcarriedsimilarlyon supportsabovethefuselagecanmovelater-
allyas a resultofthesidewisedeflectionsofbothstrutsinthessme
direction,md theycanbe yawedby a deflectionofthefrontstrutto w
onesideandoftherearstrutto theother.Inthesetwodegreesof
freedom,classicalfluttermayoccurunderthepropercircumstances;

—

underothercircumstancesandinvolvingonlytheyawingdegreeoffree-
dom,classicaldivergencemayoccur.

The aerodynamicforcesonwingsat smallanglesofattackorunder- ,
going oscillationsof smallamplitudeaboutzeroangleofattackcan
generallybe calculatedwithsufficientaccuracyby potential-flowtheory;
theyarelinearfunctionsoftheangleofattackorthesmplitude,respec-,
tively,andarenotinfluencedinan essentialwayby theboundarylqyer.
(Exceptionstothisstatementaretheforcescausingsuchnonclassical
instabilityphenomenaas stallflutter,aileronbuzz,andwingbuffet~.)
Theaerodynwnicforcesonbodiesofrevolution,however,areoftenessen-
tiallydeterminedby theeffectsofviscousflow.Forinstance,thelift
whichisknuwnto existonbodiesat anangleofattackinsteadyflowis
dueentirelytotheseeffects,becausepotential-flowtheorypredictszero
liftforthiscase. Thisliftisoftenan intrinsicallynonlinearfunction
oftheangleofattack.(Seeref.1, forinstance.) Consequently,the
aeroelasticinstabilityphenomenaofbodiesaremorelikelytobe ofa
nonclassicaltyperelatedto stallflutterandsimilarphencmenathanare
theaeroelasticinstabilityphenomenaofwings.
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*

Twoexperimentalflutterinvestigationshave@en madeofbodies
mountedonwingtips(refs.2 and3),butno aeroelastic-instability

* studiesappeartohavebeenmadepreviouslyofessentiallyisolated
bcfiies,thatis,bcdiesmountedat somedistancefroma liftingsurface
onflexiblestrutswhichcontributeno aerodynamicforces.Someinstances
wherethisproblemarisesinpracticeareexternalstoresor tankscar-
riedon strutsunderthewingandramjetscarriedon supportsontopof
thefuselage.Also,an analysisoftheaeroel.asticinstabilityofan
isolatedbodymayserveto shedsomelightonthemuchmorecomplicated
problemofaeroelasticinstabilityofa bodymountedona wingtip.

An investigationhasthereforebeenconductedinorderto gainsome
insightintothenatureoftheinstabilityphenomenaof suchisolated
bodiesofrevolution.A streamlinedbody,an opentube,andseveral
bodiesconsistingofthettiewithvariouslyshapedendpiecesweresus-
pendedfromtheceilingofa windtunnelon strutsof severalstiffnesses.
Theclosedbodieswereintendedto stiulateexternalstoresor fueltanks;
theopentube,an unfiredramjet. In oneseriesofteststhetubewas
alsomountedon twostrutscoveredby a fairing.Thenatureof thevari-
oustypesofaeroelasticins~bilitythatoccurredundervariouscondi-
tionswasobserved,asweretheairspeedsatwhichtheyoccurredandthe
fieq,uenciesofmy oscil&3tionspresent.Alltestswereconductedat low

& speeds(MachnumberslessthanO.~)andwitha rangeofReynoldsnumber
(basedonbodylength)from1.5x l& to 7.1x 106.

3
Inan attempttoanalyzesomeof theseresults,thespeedandOscil=

latoryfrequencyatwhichvarioust~es ofaeroelasticinstabilitymay
occurhavebeencalculatedby usingslend=-bodytheoryfortheaero-
dynamicforces,withcertainadditionalassumptionsinthecaseofthe
opentube. Thederivationoftheseforcesispresentedintheappendix
ofthispaper,andthecalculationsaredescribedtherein.Thecalculated
andobservedresultsarecoqm?edanddiscussed.

SYMBOIS

a

f
●

fh

ratioofdistanceofelasticaxisof supportingstrut
systemrearward of midpointofbodyto one-halflength
ofbody;incaseofbodiesconsistingof tubewithvarious

2s~ ~
endpieces,themidpointisthatoftube,— -

L

frequencyofoscillatoryinstability,cps

naturallateralbendingfrequencyofbodyon strutsmeasured
instillair,cps
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naturalfrequencyofyawingoscillationsofbodyon struts
●

measuredinstillair,cps
k

structuraldampingcoefficient(see,forexample,ref.4)

lateraltranslationat elasticaxis,ft

smplitudeof lateral-translationoscillation,ft

momentof inertiaofbody
ration,slug-ft2

effectivelateralbending
bodymounted,lb/ft

aboutelasticaxis

springconstantof

ofconfigu-

supportswith

effectiveyawingspringconstant,ft-lb/radiau

reducedfrequencyparameter,142V

“aerodynamicforceperunitlengthalongbody,lb/ft

lengthofbody(lengthofthe, incaseofbodiescon- &
sistingoftubewithendpieces),ft

aerodynamicmomentaboutelasticaxis,ft-lb ?-

~SS Ofbody,Sh@

aerodynamic(lateral)force,lb

_ic Press~e(atonsetof instability,unlessspecified
otherwise),lb/sqft

dimensionlessdynamic-pressureparameter,2q~/&

radiusofbodyofrevolution,ft

dimensionlesscross-sectionalareaofbody,fiR2/@

coordinatealonglengthofbody,measuredrearwardfrom
nose,ft

distancefrom
system,ft

distancefrom

noseofbodyto elasticaxisof support k

noseofbodyto centerofgratityofbody,l% 2
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*

v~ volume of body,cuft
d

v speed(atonsetof instability,unlessotherwisespeci-
fied),ft/sec

% ratioofdistanceof centerofgravityofbodyrearwsrd
ofelasticaxisofsupportsystemto one-halflengthof

‘2 - ‘1body, —
L/2

a

(20

P

P.

%

yawingangle, radians

amplitudeofyawingoscillations,radians

dimensionlesscoordinate,s/L

densityoftestmedium,slugs/cuft

densityofairat standardsea-levelcondition,0.(20!2378
slugs/cuft

dimensionlessdistancefromnoseofbodyto elasticaxis,

/S1L

mar frequencyofoscillatoryinstability,radians/see

naturalfrequencyofyawingoscillationsofbodyon struts
measuredin stillair,radians/see

DESCRIPTIONOF TESTS

Apparatus

Windtunnel.-Thetestswereconductedinatiat variablepressures
intheLeagley4.5-footflutterresearchtunnel,whichisoftheclosed-
(circular)throatsingle-returntype.

Models.-Thetwobasicmcdels,theairfoil-shapedbodyandtheopen
tube,areshowninfigurel(a). Theairfoil-shapedbodyofrevolution
isthatgaeratedby rotatinganairfoilaboutitschord.Theordinates
of theairfoilaretwicethoseofanNACA65-010airfoilandarelisted

●
intable1. Theopentubeconsistedofaluminumsheet1/16inchthick
rolledintoa cylinderwitha diameterof6 inches.Variousendsections
wereusedinconjunctionwiththetubetorepresentclosedbodiesof

3
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revolutionwitha cylindricalcentersection;theseendsectionsare
showninfigurel(b).Theopentubeandtheairfoil-shapedbodyareshown
mountedontheirsupportsinthetunnelinfigures2(a)and2(b),respec-
tively.(Thescalesshowninfig.2 readin inches.)

Strut-supportsystems.-Themodelsweremountedon oneoffoursets
of supportswhichconsistedoftwosmall-diametersteelrodsfixedonone
endtoa mountingplate,andontheotherendtoa mountingbartowhich
themodelswerebolted.(Seefigs.l(a)and2.) Thestrutsweredesigned
tomakethelateral-bendingfrequencyofthebodiesaboutone-halfor one-
thirdofthefrequencyoftheiryawingoscillationinstillair. ‘The
naturalfrequencyoftheforwardandrearwardoscillationsofthebodies
wasapproximatelysixtimestheirlateral-bendingfrequency.Thestrut
diametersandeffectivespringconstantsofthesupportsystemscomprised
by thesestrutsarelistedh table2.

Theeffectivespringconstantswereobtainedfromthefrequencies
fh @ fa measuredinstillairsndtheknownmassesandmomentsof
inertiabymeansoftherelations

~h = (~fh)%

and —
r

h = (~fa)2%

Thevaluesof Kh and K& obtainedinthiswayrepresentspringconstant6
inthetrue sense ofthewordonlywhen ~ = 0,becauseonlythenarethe
yawingandsidewise-bendingoscillationsuncoupled(andeventhenonlyif
theadditionalapparentmassofthestillairisneglected).Thevalues
givenintable2 areaveragesofthevaluesobtainedwithdifferentbodies
for ~ = O (exceptforthevalues listedforstrutsA, forwhichfre-
quencymeasurementsweremadefor ~ = 0.10and0.14).

Foroneseriesoftestswiththeopentube,thestrutsBwere covered
witha fairingofaluminumalloyl/32inchthick,whichextendedabout
1 inchaheadof thefrontstrutand-l~inchbehindtherearstrutandwas

attachedtothestrutsalongtheirenttrelengthsbutwasnotattachedto
themountingplateormountingbsr. Theairfoilobtainedinthismanner
wasabout3/16inchthickatandbetweenthetwostruts,hada rounded —

b’
leadingedge,anda sharptrailingedge.

?
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Strain-gage instrwnentation.- Theonlyinstrumentation,apartfrom
theusualinstrumentationrequiredtomeasurethetunnelspeedandden-

4 sity,consistedofelectrical-resistancestraingagesmountedonthe
rootsofthestrutsinsucha wayas tomeasurestrainsdueto sidewise
deflectionsofthestruts.Theoutputsignalsofthegagesonthefront
andtherearstrutswereamplifiedseparatelyandfedto twochannelsof
a multiplerecordingoscill.ographandalsotoan oscilloscopeforimmedi-
atevisualobservation.

Tests

Generalprocedure.-Theprocedureforeachtestwasto increasethe
tunnelspeedslowlyandat thesametimetheangleofyawofthemodelwas
adjusted(byyawingthemountingplateby meansofa mechanismoutside
thetunnel)to givezeroliftandmomentonthebody,as indicatedby the
strain-gageoutputs.Whensometypeof instabilityoccurred,thestrain-
gageoutputswererecorded,thetypeof instabilitywasnoted,thetun-
nelconditionswereobserved,andthetestwasdiscontinued,exceptin
someinstanceswhentheinstabilitywasnotviolentanditwasdesiredto
studyitfurther.

* !I!hemodel-strutccmibinationstestedinthismannerarelistedin
thelefthalfof table3; alsolistedarethemodelmass,modelmoment
of inertia,elastic-axisandcenter-of-gravitylocation,aswellas the

v measuredstill-airfrequenciesofeachconfiguration.Thetestsaxe
dividedintoseveralseriesforthesakeofconvenienceinreferringto
them.

Testsonthestreamlinedbody.-In seriesI,thestreamlinedbody
wasmountedon strutsA, themostflexibleones,andthetestswerecond-
ucted atvariousah densities.In seriesII,thesamebodywasmounted
on thesomewhatstifferstrutsB. Onlythenonviolentuncoupledoscil-
latoryinstabilityoccurredevenat thehighestair-densityusedinthese
tests(substantiallysea-leveldensity).Thetunnelspeedwasincreased
successivelyto severalvaluesbeyondthatatwhichthisinstabilityfirst
occurred,theairdensitybeingkeptsubstantiallyconstantat thesea-
levelvalue.TestseriesIIconsistsofmeasurementsofthefrequencies
oftheoscillationsattheseairspeeds..Thestreamlinedbodywasalso
mountedonthestillstifferstrutsC,butnoaeroelasticinstabilityof
anykindoccurred;consequently,thisexperimentisnotlistedintable3.

Testson theopentubewithmiscellaneousendsec%ions.-Theopen
tubewithvariousendsectionswasmountedon strutsB, C, andD, that
is,onallbutthemostflexiblestruts.SeriesIIIconsistsofthetests

●. madewiththevariousconfigurationsat constantairdensity.SeriesIV
consistsoftestsmadeat variousdensitiesby usingthetubewithhemi-
sphericalsectionsatbothendsmountedon strutsC.

w
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Testsontheopentubeonunfairedstruts.-Testsmadeatvarious
airdensitiesontheopentubemountedonthemostflexiblestrutscom-
priseseriesV,andtestsmadeat constantairdensitiesontheopentube &
withvariouscenter-of-gravitypositionsmountedonthenextstiffer
strutscompriseseriesVI. Thecenterofgravitywasvariedby attaching
narruwbandsof lead1/16Inchthicktotheinnersurfaceofthetube,so
thatthemass,themomentof inertia,and,hence,thestill-airfrequencies
werechangedaswell. Theopentubewasalsomountedon strutsD,butno
instabilityoccurredatanyspeeduptoandIncludingthespeedatwhich
thistestwasdiscontinued,nsmel.y,536feetpersecond.Thistestis,

.—

therefore,notlistedintable3.

Testsontheopentubeonfairedstruts.-Thetestswhichconstitute
seriesVU arethosemadeat constantatidensityontheopentubemounted
on strutsB withthefairingattached.Thelocationofthecenterof
gravitywasvariedinthesamemanneras inseriesVI.

REsms

PresentationofResults

Theresultsof theteststiepresentedintherighthalfoftable3
a

andsomeoftheseresultsarepresentedinfigures3 to 9.
v

Thespeedslistedintable3 fortestswhichledto flutterordiver-
gencearethoseatwhichtheseinstabilitiesfirstoccurred.Similarly,
thefrequencieslistedforthetestswhichledto flutterarethoseat

—

thefluttercondition.Theatispeedslistedforthetestsof seriesIV
arethoseobservedwhentheinstabilityfirstoccurred,andthefrequen-
ciesarethoseobservedat thatspeed.Similarly,inthetestsof
seriesII,thefirstspeedlistedisthatatwhichtheinstabilityfirst
occurred,buttheotherspeedsaremerelyspeedsabovethefirstatwhich
thefrequencyoftheoscillationwasmeasured.Thelastspeedisthatat —
whichthetestsofseriesIIwerediscontinued;thenatureoftheinsta-
bilityphenomenondidnotappeartochangeinthespeedrangecovered.

Theflutter-speedcoefficient2v/Lua,thedimensionlessdynmic
pressureat flutterq*,andthefrequencyratio f/fa pertainingtothe
testsofseriesI areplottedinfigure3 againstthedensityratio P/PO.

The frequenciesmeasuredinseriesIIareshownplottedas a functionof
airspeedinfigure4. Infigure5 areshownthespeedanddynemicpres-
sure(bothindimensionlessform)attheonsetoftheyawingoscillations
observedinthetestsof seriesIVasfunctionsof thedensityratio p/Po. W

Theflutter-speedcoefficients/2V~ andthe&requencyratiosf fa
I

pertainingtothetestsof seriesV areshownplottedas functionsofthe v
densityratio p/p. infigure6.
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In f@ure 7 thespeedcoefficientsforwhichflutterordivergence

occurredareshownplottedagainst~ forthetestsof seriesVI. The
4 pointsrepresentingthevarioustestsarenotconnectedbecausethebody

massandmomentof inertia(and,hence,thestill-airfrequencies)were
notconstantinthesetests.Figure8 consistsofa similarplotmade
forthetestsof seriesVII.

ObservedFlutterandDivergencePhenomena

Severaltypesofaeroelasticinstabilitywereencountered.h the
testsof seriesI andV, aswellas in someofthoseof seriesVI andVII,
coupledfluttersimilarto classicalbending-torsionflutterwasencoun-
tered,exceptthkt“bending”and“torsion”werelateralmotionandyawing,
respectively,inthecaseofthesebodies.Thesetwotypesofmotion
weredistinguishedby observingthestrain-gageoutputs.Iftheoutputs
ofthefrontandreargageshadbeeninphaseandofthesamemagnitude,
themotionwouldhavebeenfromsideto sideonly,withoutyawing,but
actuallythistypeofmotionwasnotobservedinthetests. Whenthe
gageoutputswere 180° out of phaseandof thessmemagnitude,themotion
wasa pureyawingoscillation,and,whentheywereoutofphaseby any
otherangle,themotionwasa coupledlateral-motionandyawingoscillation.

b
Inonetestof seriesVIIa combinedflutteranddivergenceinsta-

bilitywasobserv~,notunlikethetypeofphenomenonwhicha wingmay ‘G
experienceif itsflutteroccursina modewhichinvolvesverylittle
bending;thetubetendedto divergetothestopsaftera fewoscillations
of increasingsmplitude.As inalltestswheredivergencewasobserved,
whenthebodybegantodivergeinyawitmovedoverlaterallyaswellas
undertheactionof thesideforcesbroughtintoplayby theyawedattitude.

TheflutterfrequencieswereiU-definedoccasionally,particularly
whenthebodyat itsflutterconditionwasalsoclose.to a divergencecon-
dition;thatis,flutterthenoccurredso suddenlythatno definitefre-
quencycouldbe obtatiedfromthestrain-gagerecord.

ObservedUncoupledOscillations

An instabilitywasobservedinthetestsof seriesII,111,andIV.
Thisphenomenonconststedin continuousorintermittent,self-excited,
small-amplitudeyawingoscillations,usuallytithfairlywelldefined
frequency.Whentheoscillationswereintermittenttheystartedup at
randomintervalsratherthansubsidingandincreasingina regularfashion,
asdo oscillationswithbeats.h twoofthetestsinwhichsuchoscil-.
lationsoccurredthefrequencywasinsufficientlydefinedtobe measured.
Thisphenomenondifferedfromflutternotonlyin thefactthatit involved

2 smallconstantamplitudesbutalsoin thefactthat,unlikeflutter,it
involvednobendingdeformationsofthestrutsand,hence,no lateral
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motionsofthebodies.Forlackofa better
as “yawingoscillations”intable3 andwill
inafter.Ifthebodyweremountedin sucha

namethisphenomenonislisted
be referredtoas suchhere-
w~ thatthestrutswerehori-

zontal,aswouldbe thecaseifa bcdyweremountedonthesideofa fuse-
lage,thisphenomenonwouldconsistofangle-of-attackorpitching
oscillations. -.

Someofthetestsof seriesIIIwhichresultedinyawingoscillations
werecontinuedto speedsabovethatatwhichtheoscillationsstarted;the
firstspeedlistedisthentheoneatwhichtheinstabilityfirstoccurred,
andthesecondisthatatwhichthetestswerediscontinued.No change
wasnotedinthenatureofthephenomenonwithinthisrangeof speeds.
Thetwofrequencieslistedforthesetestscorrespondto thesetwospeeds;
thevaluesof p, q,and @ arethosewhichcorrespondtothefirst
speed.Inthetestsof seriesIIIinwhichno instabilityoccurred,and
alsointhefirsttestof seriesVI,thespeedlistedisthatatwhichthe
testswerediscontinued.

ResultsofCalculations

Someoftheresultsoftheinstabilitycalculationsdescribedinthe
appen~xarealsolistedintable3 andareshowninfigures4, 6, 7,
and8. ForseriesI andIIthecalculatedflutterspeedwasinfinite,
thatis,thecalculationsdidnotpredictflutterforanyfinitespeed.
Norwasitpossibleto calculatea finitespeedatwhichself-sustained
yawingoscillationscouldexist,butthefrequenciesoftheyawingoscil-
lationsofthebodyina movingairstreamcouldbe calculatedandare
shownintable3 andfigure4.

Flutterspeedsandfrequencieswerecalculatedforthetestsof
seriesV;theresultsareshownintable3 andfigure6. Flutterspeeds
andfrequenciesaswellasdivergencespeedswerealsocalculatedforthe
testsof seriesVI andVIIandarelistedintable3; thespeedcoeffi-
cientsarealsoshowninfigures7 and8.

DISCUSSION

A NoteConcerningtheSpeedandDynamic-FTessureParameters

Twodimensionlessparametershavebeenusedinorderto comparethe
resultsofthevarioustests.Thefirstoftheseissubstantiallytheone
commonlyusedinflutterwork,theflutterparameteror speedcoeffi-
cient v/~, where b isthehalf-chordandisherereplacedby one-
halfthe (basic)bodylength,sothattheparameterbecomes2v/IOa.It
involvesa measureofthedynsmicpressure(intheterm v, althoughthe
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.
airdensityisnottakenintoaccount),aswellas of thestructural and
inertiapropertiesinvolvedinangulardefamations(combinedinthe

d still-airyawingfrequency~). Theotherparameterusedhereinisone
oftenusedinstaticaeroelasticworkandmaybe referredto as the
divergenceparameterordtiensionlessdynamicpressure;theformofthis

a~vb
parameterused in thispaperis q++.-. Itrepresentstheratioof

%!
theaerodynamicmomentperunitangulardisplacementto theelastic
restoringmomentperunitdisplacementandinvolvesimplicitlythedynamic
pressureaswellasthestructuralandaercdynsinicpropertiespertinent
toangulardeformation,becausethefactor2 isthevalue of themoment
coefficient(referredtothevolumeofthebody)perunitangulardis-
placementaccordingto thin-bodytheory.Thistheoryappliesonlyto
closedbodies,but,ifit isextendedto openbodiesonthebasisofthe
assumptionthattheflowinsidethebodyhasthesamevelocityas that
outsideandthattherearendofthebodyactslikea sharptrailing.edge,
thesamevalueisobtainedforthemomentcoefficientbecausetheeffects
ofthesetwoassumptionscanceleachother.

!I!hemainadvantageoftheflutterpsrameteristhatitincludessome
dynsmicor inertiaeffects;ontheotherhsnd,theadvantageof the

% divergenceparaneteristhatby virtueof itsexplicitinclusionofaero-
dynamicpropertiesitservesas a moreprecisedefinitionof certain
instabilityphenomena.Forinstance,flutteranddivergencecanoccur

u overa widerangeofvaluesoftheflutterparameter,but,althoughflut-
termayoccuratalmostanyvalueofthedivergencepsrameter,divergence
shouldoccuratvaluesofthispsmuneternearunity. (If2 isthecorrect
value of themomentcoefficientperunitangulardisplacementor ifthe
correctvalueisusedinthedefinitionofthedivergenceparameter
insteadof2, divergencewilloccurwhentheparameteris 1.) ~so, as
shownintheappendix,thedivergencepsrsmeterappearstoplayan impor-
tantpartindeterminingthefrequencyoftheuncoupledyawingoscillations.

I!athparameters,therefore,havesaneadvantagesand,inviewofthe
exploratorynatureoftheinvestigation,bothhavebeenusedinattempts
toanalyzetheobservedphenomena.

FlutterandDivergence

Flutteranddivergencesimilarto theclassicalinstabilityphenomena
onwingswerebothobservedontheaerodynamicallycleanbodies,the
streamlinedbodyandtheopentubewithandwithoutfairingon thestruts,
asmayhavebeenexpected,becauseundercertainconditionsthesebodies

4 havelinearaeroQmsmicforceswhichmaybe expectedto giveriseto
phenomenasimilarto theclassicalinstabilityphenomenaof thewings.

R Thestreamlinedbody.-Thestreamlinedbodyflutteredinthetests
ofseries1, inwhichthedensitywasvariedbutallotherparameters
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heldconstant,at speedswhichcorrespondedtoa widerangeoftheflutter
parameter2v/~ buttovaluesof q* whichvariedonlybetween0.79
andO.%. Theflutterfrequencywassubstantiallyconstantinthesetests.
(Seefig.3.)

Thequantityq* variedrelativelylittleinthesetestsbecause
itcontainstheairdensity,whichwastheonlyvariableinthesetests.
Thesmallvsriationof q* inthetestscanbe consideredtobe dueto
thechangein’themassratio,thatis,theratioofthebodymasstothe
massofthedisplacedair. Inasmuchas thebodywouldhavedivergedat
q*= 1 iftheactualmomentonthisbodyinsteadyflowwerethatpre-
dictedby thin-bodytheory,fhtteroccurredinthesetestsat dynamic
pressuresfrom6 to21percentlowerthanthetheoreticaldynamicpres-
sureat divergence.

WhenattemptBweremadeto calculate.theflutter speedofthestream-
linedbody,theaerodynamicforcespredictedby thin-bodytheorywere
foundtobe incapableofpredictinga finiteflutterspeed.Forbodj.es
witha finenessratioofabout5, themomentduetoangleofattackand
normalforcedueto steadyrotationpredictedby thin-bodytheoryare
about25and40percenthigher,respectively,thanthosepredictedby
exactpotential-flowtheory.Thevaluespredictedby potential-flow
theoryare,inturn,somewhathigherthantheactualvaluesas theresult
ofboundary-layerseparation..Inasmuchas quantitativeerrorsinthe
predictedforceswouldtend,by themselves,toresultonlyinan incorrect
flutterspeed,thefactthatthepredictedflutterspeeddoesnoteven
existsuggeststhataerodynamicforcesmustbe involvedwhicharenot
predictedby thistheory.Suchforcesarethenormalforceduetoangle
ofattackandthemomentdueto steadyrotation.Theseforcesarezero
accordingtothin-bodyandexactpotential-flowtheory,butactuallythey
do exist;oftentheyvarylinearlywithan@e ofattackandrateofrota-
tion,respectively,andthusrepresentthetypeofforcesrequiredto
causeclassicalflutter.

Inthelightofthisdiscussion,predictionoftheflutterspeedof
bodiesofrevolutionthusrequiresa knowledgeoftheeffectsofthe
boundarylayerandofthephenomenaassociatedwithitsseparationon
theaerodynamicforces.Hence,themainshortcomingofthin-bodytheory,
insofaras thepredictionoff+utterisconcerned,consistsintheinability
ofpotential-flowtheoryingeneraltopredictsomeofthecriticalforces
involvedinthesephenomenaratherthaninthedegreetowhichthin-body
theoryapproximatesexactpotential-flowtheory.Indivergence,however,
onlythemomentduetoangleofattackisinvolved;therefore,thecorrect
magnitudeofthisforceisimportant.Inasmuchas themQmentpredicted ““
by thin-bodytheoryisabout30 or40percenthigherthantheactual
value,thedynamicpressureatdivergencewouldbe thatmuchhigherthan
thatestimatedonthebasisofthin-bodytheory;therefore,inthetests
of seriesI,thehighestspeedreached.probablycorrespondstoabout
80percentofthetruedivergencespeed._

.

—

k

—

—
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Theopentubeonunfairedstruts.-Inthetestsof seriesV theopen

tubeflutteredatalldensities.Thevaluesof 2v/~ decreasedfrom
s

10.32to 5.30withincreasingdensity,andtheval~esof q* appesred
to increasegraduallyfrom0.516to 0.579,exceptforthesecondtestof
theseriesforwhich q* wassomewhathigherthanexpectedfromthe
otherthreetests. (Seetable3.) Thesetrendsarethesameas those
observedinthecaseofthestreamlinedbody. Incontrastto thestream-
linedbody,however,flutterspeedscouldbe calculatedfortheopentube
onthebasisof thin-bodytheory(withtheadditionalassumptionsof
unobstructedflowthroughthetubeandoftheflowcontinuinginthesame
directionafterleavingthetailendofthetuberatherthanreassuming
thefree-streamdirection).Thesespeedsareinfairlygoodagreement
withthe

The
wasalso
quencies
thanthe

measuredones.

observedfrequenciesdidnotvarywiththedensity,a fact
notedinthecaseofthestreamlinedbody. Thecalculated
didnotvsxywithdensityeitherbutwereabout30 percent
observedones.

which
fre-
hi@er

Onthebasisofthesecompsxisonsitap~s thqttheaerodynamic
forcesaretakenintoaccountina qualitativelycorrectnmmer,butthat
quantitativelytheymustbe improvedconsiderablybeforetheycanbe used*. topredictflutterspeedsandfrequenciescorrectlyforductedbodies.

Inthetestsof seriesVI,thetubeflutteredordivergedinallM cases,exceptinthefirsttest,inwhichthespeedofthetestwasnot
carriedto a highenoughvalue.Flutteroccurredwhenthecenterof
gravitywasat orbehindtheelasticaxis,anddivergence,whenit -S
at or infrontof theelasticaxis(seefig.7); whenitwasat the
elasticaxis,thetubeflutteredat thehighermassanddivergedat the
lowermass. Thistrendagreeswiththetrendsnotedinthetestsof
seriesI andV,becauseintheseteststhereappearedtobe a tendency
toapproachdivergenceas theairdensityincreasedand,hence,themass
parameterdecreased.Thevaluesof 2v/~ at instabilityvariedfrom
5.47to7.95andthoseof q* between0.459and0.754(seetable3).
Thevaluesof q* atdivergencetendedtobe higherthanthoseat flut-
ter,asmaybe expectedinviewofthenatureof q* as,primarily,a
divergencecriterion.No suchdistinctioncanbe madeinthecaseof
thevaluesof 2V~/ at instability,boththehighestandlowestvalues
ofwhichcorrespondto divergence.

Thecalculatedspeedsat instabilityareinfairlygoodagreement
withthemeasuredspeedsfortherearwardlocationsofthecenterof
gravity,buttheflutterspeedspredictedforforwardcenter-of-gravity

d locationsaremuchtoolow. Thetwomeasuredflutterfrequenciesare
substantiallybelowthevaluescalculatedforthosetwocases.Thecal-
culateddivergencespeedsareconsistentlyhigherthanthemeasuredones

i by about20percentontheaverage;thereforethemomentcoefficientper
unitangulardisplacement(theonlyaerodynamicparameterwhichenters
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thecalculationofthedivergencespeed)mustbe about40percenthigher
thanthatestimatedbymeansofthetiifiedthin-bodytheoryusedherein.
Actuallythetubeunderconsiderationisnotsufficientlyslenderto
justifytheuseofthin-bmlytheory,anditsabruptchangesincross-
sectionatthenoseandtailviolatecertainassumptionsinherentin
thin-bodytheory;also,thevalidityofthetwoadditionalassumptions
iSdoubtful.Hence,theinabilityofthemodifiedthti-bcdytheoryto
predictquantitativelyusefulresultsisnotsurprising.

A moreaccuratepotential-flowsolutionforthefluwthroughand
aboutan opentubewouldbe difficultto obtain,anditsvaliditywould
stillbe opento questionbecausetheflowinsidethetubewouldbe
significantlyaffectedby theboundsrylayerintheinsidewalls.The
availablesolutionfora ringatifoilisinapplicableto thiscase
becausethetubeisfartooslenderforthistheory.‘Themostpromising
solution,therefore,appearstobe theuseofa semiempiricalmethodfor
estimatingtheaerodynamicforcesrequiredinflutteranalysis.Sucha
methodmightconsistinretainingthin-bodytheorybutmodifyingthetwo
additionalassumptions,thatis,by estimatingthemagnitudeofthe

—

forceswhichare,ineffect,concentratedattherew oftheafterbody
andtheextenttowhichtheflowdeceleratesinsidethetubesonthe
basisofmeasurementsofthemomentandnormalforceduetoangulardis-
placement.Indivergencecalculationsonlythemomentperunitangular 7

displacementisrequired,ofcourse.

Theopentubeonfairedstruts.-
V

Theaeroelasticinstabilityphenom-
enaofthetubeweresubstantiallyunchangedby theadditionofthe

—

fairing;apparently,theincreaseintheaeromic forceswascanceled
ineffectby theincreaseinthestiffnessoftheconfiguration.Flutter
stilltendedtooccuratthefurtherrearward positionofthecenterof
gravity,anddivergence,at theforwardpositions.(Seetable3 and
fig.8.) Theageementbetweenthecalculatedandmeasuredspeedswas
poor,thecalculatedvaluesbeingmuchtoolowsandthecalculatedfre-
quencycorrespondingto theonemeasuredfrequencywasalsomuchtoolow.
Thefirsttwotestsofthisseriesserveto illustratethedifficultyof
estimatingthespeedatwhichaeroelastic-instabilityphenomenaoccur;

. —

underidenticaltestconditions,themodeldivergedinonecaseat
522feetpersecondandexhibitedsomesymptomsofflutterat481_feet ‘“
persecondh theothercase,flutterapparentlyhavingbeensuppressed
thefirsttime.

Thefactthatthecalculatedvaluesofthedivergencespeedare
lowerthantheobservedvaluesindicatesthat,inasmuchas theaerodynamic
momentonthetubeduetoangulardisplacementwasprobablyunderesti-
mated,as inthetestsof seriesVI,theforcesonthefairingwere
greatlyoveresttited,asmightbe expectedtobe thecasebecauseurunodi- W

fiedtwo-dimensionaltheorywasusedto estimatetheseforces.Theexact
calculationofthemutualinterferenceeffectsofthetubeandthewing B_
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tiprepresentedby thefairingrepresentsa verydifficultproblemfor
whichno solutionhasbeenfoundtodate. Forthetimebeing,therefore,
approximationssimi- to thosemadehereinmustbe used,althoughthey
couldprobablybe improvedby resortingto empiricismbasedon sane
measuredresults.

YawingOscillations

Thestreamlinedbody; speedatwhichoscillationsstart.-Whenin
thetestsof seriesIIthestreamlinedbodywastestedon stifferstruts
andwithan elastic-axislocation5 percentofthebodylengthfurther
forwardthsminthetestsof series1,no flutterwasobserved;instead,
thebodyexperiencedtheself-excitedyawingoscillationsdescribedpre-
viously. Theseoscillationsstartedat a speedwhichisrelativelylow
comparedto thosea:whichflutteroccurredinthetestsof series1;

2Vitcmrespondsto —
ha

=3.76 and “q*= 0.211,andthespeedatwhich

thetestswerediscontinuedcorrespondsto 2-v—=6.70 and q*=o.630,
%2!

whereasat thesamedensityflutterwouldhaveoccurredinthetestsof

/seriesI atvaluesof 2V Laa and q* ofabout8.oand0.9,respec-
X tively.Therefore,ifthetestsof seriesIIhadbeencontinuedto a

speedscme15or20percenthigherthanthatatwhichtheywerediscon-
tinued,flutterwouldprobablyhaveoccurredifthevaluesof 2v/Lma“
and q* at flutterareassumednotto differmuchbetweenthetwotest
series.Thefactthatoscillationsoccurredinthetestsof seriesII
butnotinthoseof seriesI isprobablytheresultofthedifferencein
elastic-axislocations,aswillbe shownlater.

Inorderto calculatethespeedatwhichyawingoscillationsmight
stsrtjan attemptwasmadeto solvetheequationso?motionforthecase
of zerolateraldisplacement.Forthiscasetherearetwodifferential
equationswithoneunknownfunction.Withtheaerodynamicforcesgiven
by thin-bodytheory,however,theequationsCm mve a solutiononlYwhen
theairspeediszero.Thereforejthenatureoftheairforcesmustagain
be differentfromthatassumedtoyieldequationswhicharecompatible
at nonzeroairspeed.

IYOma physicalpointofview,self-excitedoscillationscanOCCUr
onlyifthenetdampingiszero. Intheequationfortheequilibrium
ofthemmentsas setup intheappendix,thereisno dampingterm,
becausetheaerodynmnicdampingmcsnentaccordingto thin-bodytheoryis
zeroandthestructuraldsmpingwasassumedtobe zero. If,however,
theaerodynamicmomentwereactuallysmallandnegative,at a certain.
speeditwouldbe @st lsxgeenoughto counteractthestructuraldamping,
andself-excitedoscillationswouldstartat thisspeed.At higher

.
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speeds,thenetdampingwouldbe
aerodynamicforcesmightprevent
muchas theseaerodynamicforces

NACATN3308

b

negative,butnonlinearitiesinthe
theoscillationsfromdiverging.Inas-” ., -
wouldthenbe dueentirelyto deviation *

frompotentialflow,theywouldprobablyvarYwithReynoldsnwiberso
thatthequestionwhetherandwhena bodymightexperienceself-excited
oscillationsprobablydependsontheReynoldsnumberinvolved,aswell
as onthestructuraldamping.

Thestreamlinedbody;frequencyof osciU_ations.-Althoughtheequa-
tionssetupfortheanalysisoftheyawingoscillationsdo notfurnish
a solutionforthespeedat theonsetoftheoscillationstheydo give
an indicationofthefrequencyoftheresultingoscillations,thatis,
ofthe“natural”frequencyinmovingair. ‘I!hisfrequencyisexpressible
asa productofthestill-airyawingfrequency,whichinvolvesthedynsnic
characteristicsofthesystem,anda correctionfactorwhich,exceptfor
a generallynegligi~ledependence.onthe~SS ratiosiSa functiononly
ofthestaticaeroelasticcharacteristicsrepresentedintheparam-
eter q*,namelyvK*. Thatthetrendof thecalculatedfrequencies
agreeswellwiththetrendofthefrequenciesmeasuredforthestream-
linedbodytiybe seenfromfigure4. However,therateofdecrease
withspeedislessthanpredicted.Thisfactsuggeststhat,inasmuch
astheexpressionforthe-frequencyisobtaineddirectlyfromtheequa-
tionrepresentingtheequilibriumofthemomentsonthebody,theesti-
matedaero@mmicmomentsonthestresmlinet.bodysretoolarge,which
istrue,aspreviouslynoted.

-

.—

—
.-

“

Miscellaneousbluffbcdies;effectofelastic-axislocationonthe
speedatwhichoscillationsstart.-Yawingos~illationsoccurredinthe
majorityofthetestsof series111. Thespeedsatwhichtheystarted
correspondtovaluesof 2v/~ and q* muchlowerthanthoseatwhich
thestreamlinedbodjflutteredinthetestsof seriesI andofaboutthe
samemagnitudeasthoseatwhichtheoscillationsofthestreamlinedbody
startedinseriesII. (Seetable3.) Someofthetestsof series111,
forinstance,thelast-listedOnej resultedinno instabilityatwhat
appeartobe fairlylargevaluesof 2v/~ and q*;however,allvalues

tof 2V~ listedintable3 afe%asedonthelengthofthebasictube.
Iftheyhadbeenbasedontheactuallengthsofthevarious bodies,
2v/~ wouldhavebeenabout4 forthelast-listedtest,whichvalueis
aboutthesameas thatatwhichtheoscillationsofthestreamlinedbody
began(3.76)andmuchlowerthanthatatwhichthatbodycouldhaveflut-
teredat thisdensity(about8). Also,althoughthevalue of q* (0.760)
atwhichthistestwasdiscontinuedishighcomparedwiththatatwhich
theoscillationsofthestreamlinedbodystarted(0.211),it islower
thanthatatwhichthatbodywouldprobablyhaveflutteredat thisdensity
(aboutO.9). Thevaluesof q* intable3 forseries111arebasedon
theactualvolume,asarethosefortheotherseries.

—

w

M
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Thespeeds

ter 2v/~, me
atwhichoscillationsstsrted,intheformofthepsrame-
shuwnplottedinfigure9(a)as functionsof thedimen-

.
sionlesselastic-axislocationa. Theimportanceoftheelastic-axis
locationh determiningthespeedatwhichtheoscillationsstartmaybe
deducedfromtheequationsetup intheappendtxfortheequilibriumof
momentsintheyawing-oscillationsphenmenon,whichcontainsthedtien-
sionlesselastic-sxislocationu.

Infigure9(a)theupward-pointingarrowson severalsketchesrefer
to casesinwhichno instabili~wasobserved;therefore,anyinstability

/wouldhavehadto occurat valuesof 2V ~ ~eatert~ thosesh~~

whichrepresentthoseatwhichtheeetestswerediscontinued.Figure9(a)
alsocontainsonepointrepresentingtheconditionsatwhichthestream-
linedlxxlystartedto oscillatein thetestsof series11. Thesketches
infigure9(a)allimplyan airstresmapproachingfromtheleft.

!Iheonlybodyforwhichsufficientinformationwasavailableto
deducetheeffectofelastic-axislocationonthespeedatwhichthe
oscillationsstartedistheonewithhemisphericalnoseandtail. In
figure9(a)thisbcdyisrepresentedby fourpointswhichappearto lie
ona smoothcurvewhichhasa minimmat a = O. Forthebodywithhemi-

L sphericalnoseandstreamlinedtail,twopointswereavailable.These
pointsareconnectedby a curvebasedonthepatternexhibitedby the
bodywithhemisphericalnoseandtailwhichrepresentstheprobable

. variationofthespeedcoeffici~twithelastic-axislocation,although
theminimumof thecurvemaynotbe at a = O as shown.Foreachof
threeotherbodies(includingthebodyusedinthetestsof seriesI
andII),onepointwasavailablewhichrepresentedtheonsetof oscilla-
tionsandonepoint’whichindicatedonlythattheoscillations,ifany,
wouldhaveto startathigherspeed”sexceptthat,forthestesmlined
body,thesecondpointrepresentedthefluttercondition.Curvesrepre-
sentingtheest~ted variationof speedat theonsetof oscillations
withelastic-axislocationareshownfortwoofthesebodiesaswell.
Theseapproximatecurvesindicatethatthespeedatwhichoscillations
startislowestwhentheelasticsxisisnearthemidpointof thebody.

Byusingtheestimatedvariationsasa guide,thatis,by estimating
whatthespeedwouldhavebeeniftheelastic-axis-locationparametera
hadbeenzero,theeffectofthebodyshapeon thespeedatwhichoscil-
lationstendto startcanbe divorcedfromthatoftheelastic-axisloca-
tion.

Miscellaneousbluffbodies;effectofbodyshapeonthespeedat
whichoscillationsstart.-Inasmuchas a partofthelargedifferences

* inthespeedcoefficientsshowninfigure9(a)forthevariousbodiesis
dueto thefactthatthecoefficientswerebasedon thelengthofthe
basictube,thespeedcoefficientwillbe consideredtobebasedonthe

s



18 NAC.ATN3308

“

actuallengthofthebodyh thefollowingdiscussion.Thevarious
bodiesthenfallintoseveralmainclasses.Oscillationsappearto start
at thelowestspeedswhenthetailofthebcdyishemispherical,regard-
lessofwhetherthenoseisHemispherical,

(
square(coverplate),ora

smallcone forallofwhich 2V
P

~ isabout1.3),ora streamlined

body(forwhich 2v/~ isaboutl.’j).Theclasswiththenexthighest
rangeofspeedsatwhichoscillationsstartisthatwithtailsconsisting
ofthestreamlinedshapeorthelargecone.If forthisgroupthenose
ishemisphericalor square, /2V ~ isabout2.’3;iftheentirebodyis

streamlined,2v/~ isabout3;andifthenoseofthebodyisa pointed
streamlinedshapeora largeconej2v/~ isgreaterthan4. Thecl-ass
forwhichoscillationsstartat thehighestspeedsis,surprisingly,that
witha squaretail(coverplate);ifforthisgroupthenoseishemhpheri- _

/
calor squsre,2v ha isabout3.to4, and,ifthenoseisa pointed

/
streamlinedshape,2V Lma isgeaterthan4. Allthesenumericalvalues

mustbe usedwithcaution,of course.

“

Ingeneral,then,thespeedatwhichoscillationsstertappearsto
dependtoa largeextentontheshapeof thetailofthebody,a hemi-
sphericaltailbeingtheleast favorableinthatitoscillatesatthe
lowestspeeds,a streamlinedtailor largeconeusedasa tailbeingmuch #

better,anda squaretailbeingmostfavorableinthisrespect.The
shapeofthenosehasalmostno effectwhenthetailishemisphericalbut
hassomeeffectintheothercases,a squareorhemisphericalnosebeing

.

worst,a conventionallystresail.ined(rounded)nosebeingbetter,anda
pointedstreamlinednose,best.Theaerodynamicallycleanestconfigura-
tion,thestreamlinedlmdy,occupiesa relativelyfavorableplace;the
speedatwhichitmaystartoscillatingcanbe increasedfurtherby
replacingtheroundedstreamlinednoseby a pointedone. 1

Theonlywayinwhichthenumericalvaluesgivenfor 2v/~ inthe

precedingdiscussioncanbe relatedtothosecorrespondingto theclassi-
calinstabilityphenomenaisby notingthatthestreamlinedbodyfluttered

-.

/atvaluesof 2V Lma ofabout8. As a ruleofthumb,then,basedonthese
verylimiteddata,an aerodynamicallycleanbodymaybe expectedto start
oscillatingat speedsas lowasaboutone-thirditsflutterordivergence —

speed.Toattempta simik correlationforbluffbodieswouldbe futile,
becausethesebodiesdonotexperiencethelinearaerodynamicforceson
whichtheclassicalinstabilityphenomenaarepremised.

Thereasonsfortherelativebehaviorofthevariousbodiesareas
yetsomewhatobscure.Theeffectsofthenoseonthespeedatwhich
oscillationsstartareprobablyassociatedwithseparationat tbenose,

w

becausethelessdisturbancecausedbythenose,themorefavorablethe
1
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configuration.Similarly,thebehaviorofthetailcanprobablybe
explainedby theeffectsof separationat oraheadofthetail. The
unfavorableeffectsof thehemisphericaltail,forinstance,areprobably
theresultsoftheratherlargepro~ectedareaof thetail(projectedon
a planethroughtheaxisofthebody),whichisexposedto theseparated
flow. Therelativelyfavorablesquaretail,ontheotherhand,hasno
projectedareaexposedtothisflow. Thestreamlinedtailprobably
causesrelativelylittleseparationandthusisrelativelyfavorableif
thenoseisfavorablyshaped;thiseffectcorrespondsto theobserved
effects.

Inviewofthecomplicatednatureofthesephenomenathereappears
tobe littlehopeofarrivingat theoreticalmethodsofpredictingthe
speedatwhichtheoscillationsstart,at leastinthecaseofbluff
bodieswhichareunlikelytobe exposedtohigh-speedairstresmsanyway;
inthecaseofmoreor lessstreamlinedbodies,empiricalapproachesmay
provefruitful.Ineithercasetheoscillationsdonotappeartobe vio-
lent,and,iftheyareundesirable,theycanalwaysbe eliminatedby
stiffeningthesupportsandinmanycasesmerelyby changingthebody
shapeortheelastic-axislocation,andpossiblyalsoby usingvanes
mountedonthebody.

Miscellaneousbluffbcdies;frequencyof oscillations.-Theratio
ofthefrequencyoftheoscillationsto thoseinstillairis shawn
plottedinfigure9(b)asa functionofthedimensionless_ic pres-

. sureq* correspondingto thespeedatwhichtheoscillationsstarted.
Thearrowsinfigure9(b)referto casesinwhichno frequencywasmeas-
uredandservemerelytocallattentionto thefactthatoscillations
didstartonthegivenmcxielat theindicatedvalueof q*. As infig-
ure9(a),onepointinfigure9(b)representstheconditionsatwhich
thestreamlinedbodystartedtooscillateinthetestsof seriesII.
Also,as infigure9(a),thesketchesinfigure9(b)implyan airstieam
approachingfromtheleft.

Thefrequenciesshowninfigure9(b)agreefairlywellwiththetheo-
reticalcurve(whichneglectstheeffectofthemassratio).In viewof
thefactthatmanyoftheassumptionsmadeintheanalysisareviolated
by thebluffbodies,thisagreementisbetterthanmayhavebeenexpected.
Allpointsinfigure9(b)pertainto testsat densitiescloseto sea
level.Theresultsofthetestsof seriesIVatvariousdensitiesfollow
a similarpattern,althoughtherangeof q* coveredby thesetestsis
small.(Seefig.5.) Thefrequencyoftheoscillationscanthusbe

estimatedonthebasisoftherelation~=m withfa~lY@od

accuracy.Ifthebodyisaerodynamicallycleanandthespeedrelatively
d high,theaccuracyofthisformulacanbe improvedby replacingthefac-

torof2 inthedefinitionof q* by a bettervalueofthemomentcoef-
ficientperunitangulardisplacement.At lowspeeds,thefrequencymay

s be expectedtobe substantiallythesameas thestill-airfrequency.
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*
CONCLUSIONS

1.Streamlinedbodiesandopentubesmountedonthinflexiblestruts
whichdonotcontributemy aer&ynamicforceshavebeenfoundto diverge
andflutter;fluttertendedto occurforrelativelyfarrearwardlocations
ofthecenterofgravityandforrelativelyhighmassratios(bodymassto
massofdisplacedfluid).

2.Fluttercouldnotbe predictedforthestreamlinedbodyby using
aerodyrismicforcesbased.onpotentialtheory.Fortheopentube,the
calculatedflutteranddivergencespeedsdidnotagreewellwiththe
measuredvalues;thediscrepanciesarebelievedtobe dueto theintrinsic
shortcomingsofpotential-flowtheory.Theanalysisofunsteadyaero-
elasticeffectsofbodiesofrevolutionthereforeappearsto requirea .—
knowledgeofthebourkisry-layerand
forcesonthesebodies.

3.Closedstrut-mountedbodies
toa nonclassicalinstabilitywhich
oscillationswhichappearto start,

separationeffectsonthen-steady

ofrevolutionappeartobe subject
consistsin self-excitednonviolent
inthecaseofaero@mmicallycleari

bodiesat least,at speedsaboutone-thirdt~t at flutt-&rordiv-&gence
forthegivenbody. -a

~. Thespeedatwhichtheoscillationsstartfora givenbodydepends
on theelastic-axislocation,being.lowestwhentheelasticaxisis

-—

locatednearthemidpointofthebody:
v

ThisspeedIsalsodeterminedto
—

a largeextentby theshapeofthebody,psrticularl.yofthetailend.
Forbodieswithhemisphericaltails,theoscillationsstartat lowspeeds
but,forbodieswithstreamlinedand,particularly,withsquarelycutoff
tails,theystartatrelativelyhighspeeds;theoptimumnoseshapeappears
tobe a pointedstreamlinedshapeandthenextbest,a conventionalstream-
linednoseshape.

—

5.Themechanismwhichcausestheseoscillationsisasyetunhewn,
althoughnegativeaerodynamicdsmpingmoments.appeartobe required.The
speedatwhichtheoscillationsstartcannot,therefore,be predictedat
present;itscalculationapparentlyrequiresa knowledgeofboundary-
layerandseparationeffectsontheunsteadyaerodynamicforces.The
frequency,however,canbe estimatedfroma simpleformulainvolvingthe
frequencyoftheoscillationsinstillairandtheratioofthegiven
dynamicpressureto thatat divergence.

LangleyAeronauticalLaboratory,
NationalAdvisoryCommitteeforAeronautics,

LangleyField,Vs.,May12,1953.

—

—
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CALCULATIONOFAIZROELASTICINSTABILITIES

EquationsofMotion

Theequationsofmotionofa rigidbodymountedonflexiblesupports
andperformingcombinedyawingandlateraloscillationsare

-I#!-m@ -sl)E.-(l+ ig)K&+~=O

(-ms2 )
-sl-&. (1+ ig)Khh+ P = O

(1)

(2)

wherethedotsdesignatedifferentiationwithrespecttotime,andwhere
P istheaeroi@amicforceand ~ theaerodynamicmoment(positivein

w thedirectionofpositiveh and c%,respectively).Themannerinwhich
P and ~ werecalculatedforthebodiesconsideredinthispaperis
describedinthefollowingsections.

.

AerodynamicForcesonClosedl?odies

Theaerodynamicforcesonclosedbodiesofrevolutionperforming
unsteadymotionsinsupersonicflowhavebeencalculatedby linearized
potential-flowtheory(seerefs.7 and6). Theaerodynamicforceson
bodiesofrevolutioninsteadyincompressibleflowcaneasilybe calcu-
latedby potential-flowtheory(byusingsourcesandsinks,forinstance,
as inref.7);accordingto thistheory,thenormalforceiszero. The
exactcalculationoftheaerodynamicforceandmomentforunsteadymotion
by potential-flowtheory,hawever,isquitedifficultbothat subsonic
andsupersonicspeeds,andinviewofthefactthattheyarelamwntobe
influencedtoa largeextentby theeffectsofviscosity,a largeexpendi-
tureofeffortincalculatingthemishardlywarranted.Intheabsence
ofanymeansof takingtheeffectsofviscosityintoaccountforunsteady
motions,a simpleapproximationtopotential-flowtheory,namelyslender-
bodytheory,hasthereforebeenusedforthepurposeofthecalculations
describedherein.(Seeref.8, forinstance,foran outlineofa slender-
bcd.ytheoryinquasi-steadyflow.)

-3
Theassumptionmadeinslender-bodytheoryisthatthemcmentumof

theflowina planeperpendicularto thefreestreamisthesameas it
*



22 NACATN3308

wouldbe ifthisfluwweretwo-dhnensional.Thisassumptionimplies
thatthederivativeoftheradiuswithrespecttodistancealongthe
lengthofthebdy issmall(whichimplies,inturn,thatthebodyis
veryslender,thatis,thebodyhasa highfinenessratio),and,also,
thattheangleofattackandanymotionsaresmall.(Fora fullerdis-
cussionoftheseassumptionsfromthemathematicalpointofview,see
ref.9.)

8

.

Themomentumoftheflowabouta cticulsrcylinderfora unitlength
alongthecylinderisequalto theproductoftherateofmotionofthe
cylinderandtheapparentmass,whichisequaltothemassofairdis-
placedby a unitlengthofthecylinder,or ~R2. At anysectionofa
bodyofrevolutiontherateofmotionrelativetothecomponentofthe

—

free-streamvelocitynormaltotheaxisofthebodyis w+ fi+ (s- sl)d;
thisvalueiswithintheapproximationsimpliedinslemder-bodytheory.
Therefore,themomentumperunitlengthalong.thebodyoftheflowper-

[
pendicularto thebodyat thissectionis pYcR2(s)W+ fi+ (s- Sl)a].

Theforceexertedby thebodyonthefluidperunitlengthalongthe
bodyisequaltothetimerateofchangeofthemomentumperunitlength,
therateofchangebeingthatalongthepathofa particle,thatis,
$$..Butwithintheapproximationimpliedinslender-bodytheory, %

.

Therefore,theforceperunitlengthalongthebodyis

(3)

Hence,ifthebodyisperformingoscillations.definedby

icut
a = cxoe

h
iti

= hoe

(4)

(5)
—

v

1
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then

{[
= -p 2iUNmR2(S)- m2(s- s1)fiR2(s)+ # ~ fiR2(s)+

f“;’=)a 1[YcR2(s)(2.+ -&R2(s)fi+ i“m-Slz

Theaerodynamicforce P (positiveinthe
andmoment~ (Positiveh thesue direction

JL
P= Zds

o

ax 1}T(R2(s)ho em (6)

ssmedirectionas h)
as c!)arethen

{[
)] 1iflh= -pvb iuwi-m2(s1-= ao-m2h e

o

.

and

%=~L(s- S1)2 d,

where

sfiR2(S) d,

(7)

(8)
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and
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or,indimensionless

P
~#L2eti =

JL
;2=L

‘b O
s2fiR2(s)dS

form,

-[
2q+41+~- 111)a. - 2k2~ ~

and

(9)

(lo)

t

Fortheairfoil-shapedbodyofrevolution,thesethreevaluesare
10= 0.01626,11= 0.00674,and 12= 0.00355.

Forsteadyflow(m= O) equations(7)and (8)givetheknownresults
of slender-bodytheory:

P=o

AerodynamicForcesonOpen

Inattemptingtocalculatetheforceson

(11)

(12)

‘tidies

theopentubeina similar— —
manner,severalproblemsarise.Iftherecoveryfactorisassumedtobe w

100pe;cent,tha~is,ifthevelocityofthefl&winthetubeisassumed
!
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.
tobe equalinmagnitudeto thefree-streamvelocity,thecombinedappsr-
entmassofboththeinternalandtheexternalflowat a givensection
ofthebodyis justtwicetheapparentmassoftheexternalflowused
heretofore.However,oneoftheassmnptionsof slender-bcdytheory,
namely,theoneconcerningcontinuityoftheradiusalongthelengthof
thebody,isviolatedat thenoseandtailsectionofthetube. Conse-
quently,asa resultoftheabruptchangesincross-sectionalarea,not
onlytheconcentratedforcespredictedby slender-bodytheoryat therrose
andtailsectionbutalsothedistributedforcespredictedon theremain-
derofthetubeareopento question.

Forlackofa bettertheorya modifiedslender-bcdytheoryhasbeen
usedto calculateaerodynamicforcesonth~opentube. Themodification
consistedindisregardingtheconcentratedforcesonthetailsectionon
thepremisethatboththeexternalandtheinternalflowsleavethe
trailingedgeofthetubetangentiallyandarenotrealinedwiththefree
stresm.ThisassumptionisequivalenttotheKuttaconditionof subsonic
airfoiltheoryandisusedalsointheapplicationof slender-bodyapproxi-
mationtoairfoiltheory.(Seeref.10.) Theassumptionisthus,essen-
tially,thattheexitsectionofthetubeactslikethetrailingedgeofa
wingOrverylowaspectratio.

Withtheseapproximationsequations(6), (9), (10), (11), =d (U)&
become,inthecaseofan opencylindricaltube,

.

1 = -2PfiR2
[[
2i~ - U2(S- S1) + (% - iVUM1t3(s) a. +)1

[ I]m-CD2+ivab(s)ho e (13)

where b(s) isthedeltafunctionwhichrepresentstheconcentrated
loads,and

(14)
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1]al.
iku—

L

P@* = -2pfiR2V2CY.

,%s=0= 2pYrR2SlV2Q!

-a+ )]a2a+
o

(15)

(16)

(17)

.

CalculationofFlutterSpeedsandFrequencies

For-thestreamlinedbody,theforceandmomentcoefficientsgiven .
by equations(9)and(10)wereintroduced-intoequations(1)and(2)
with u and h givenby equations(4)and.(5),andanattemptwasmade
to solvetheseequationsby theconventionalmethodsoftwo-degree-of-

-. .
freedomflutteranalysis.(Seeref.4, forinstance.) However,no
solutionwasfoundto exist;therefore,iftheaerodywmicforceswere
correct,thebcdywouldnotexperienceflutteratanyfinitespeed.For
theopentubetheforceandmomentcoefficientsgivenbyequations(14)

—

and (15)weresubstitutedtitoequations(1)and (2). Inthiscase
flutterspeedsandfrequenciesdidexistandthecomput+valuesare -.
givenintable3 andareshowninfigures6_to8.

Y

Forthetubeon thefairedstrutstheforcesandmomentsgivenby
equations(14)and(15)wereusedforthetubeproper.Forthefairing
theforceandmomentwereassumedtobe givenby two-dimensionaltheory

—

at anysectionandwereobtainedfromreference4. Theaerodynamicinter-
actionbetweentubeandfairingwasthusneglected,aswastheeffectof
thefinitespanontheforcesexperiencedby thefairing.ARayleQh-Ritz
typeofanalysiswasusedwithtwomodes,a lineartorsionanda parabolic
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bendingmode. Thesemodeswereselectedonthebasisoftheconsider-
ationthatthestrutsdeflectsomewhatas showninthetwofollowing
schematicfrontviews:

//////////////////////////

strutsand
fairtag

.

\

Lateraldisplacement

/////////////////////////

Yawing

Theflutterspeedsandfrequenciescalculatedin
intable3 andarealsoshowninfiguxe8.

CalculationoftheFrequencyoftheUncoupled

Inordertodeterminewhatcharacteristics,

thismamneraregiven

YawingOscillations

ifany,of theyawing-
oscillationtypeof instabilitycouldbe predicted,cognizmcewastaken
ofthefactthattheseoscillationsdidnotinvolveanybendingdeflec-
tions;hence,h wassetequalto zeroinequations(1),(2)s(9)>
and(10)and,forthesakeof convenience,thestructuraldampingcoef-
ficientwasasswnedtobe zeroaswell. Thefollowingequationsresulted:

r -

(18)

●
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A solutionofequation(18)canbewrittenas

f=fa

(19)

(20)

Thissolutionfurnishesno informationconcerninga speedatwhichthe
oscillationsmaystartbut,instead,givesthefrequencyatwhichthe
bodywilltendto oscillateifit isyawedawayf%omitsequilibrium
positionandthenreleased.Thisfrequency isalsothedominantfre-
quencyoftheresponseofthebodytorandomexcitation.Theterm

u

. —(P$ =21
~ o )

- 2U11+ 12 inthedenominatoroftheexpressionistheratio

of themomentof inertiaofairat free-streamdensitycontainedwithin
theI@y to themomentof inertiaofthebodyalone,bothtakenaboutthe
elasticaxis. Thistermis inverselyproportionaltothemassratio;it
dependsontheshapeofthebodyto someetientbutissubstantially
independentoftheelastic-axislocation.Exceptat extremelylowmass
ratios,thistermisnegligiblysmall;fortheairfoil-shapedbodyfor

p fortheelastic-sxislocationinstance,it is 0.0020~ and 0.0019~Po o
usedinthetestsof seriesI sndII,respectively.

Thenumeratoroftheexpressionunler
isequalto 1 - q*,where q+ isdefined

Pqvb
q*=y-

CX

theradicalinequation(20)
by

(21)



NACATN3308

●

Therefore,if
tion(20)can

Inorder

thesmalltm
bewrittenas

29

in thedenominatorisneglected,equa-

todeterminethespeedatwhich

(22)

theseoscillationsshould
occurequation(18)mustbe solv~dsimultaneousl.ywithequation(19).
However,theonlyrealsolutionof equation(19)is v . 0 and,in—
addition,~ =

+ (“% -11)-
Therefore,iftheaerodynamicforces

givenby equations(9)and (10)werecorrect,oscillationscouldoccur
onlyat zeroairspeed.Theseoscillationswouldthenbe theordinery
still-ahyawingoscillations,theconditionon ~ beingthatnecessary
touncoupletheyawingfromthesidewise-bendingmode.

CalculationofDivergenceSpeed

Inasmuchasdivergenceisa statichstabilityphenomenon,thespeed
i requiredto divergethebcdycanbe foundby settingh, o, and q

equalto zeroinequations(1)and(10)or,moresimply,sett~ m = O
inequation(18).~us,

. rK
‘divergente a=

*

or

K
%ivergence‘+

b

(23)

(24)

Theparsneterq* definedinequation(21)isthusequalto theratio
‘f q ‘0 qdivergence~thed-it pressureat divergencebeingthat

calculated by usingslender-bodytheory.

The
intable
valueof

●

divergencespeedsforthetestsofseriesVIandVIIaregiven
3 andareshowninfigures7and 8. ForseriesI andIIthe
qdivergencemaybe obtainedfromequation(24),andforany
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othertestitcanbe obtainedfromthevaluesof q* and q givenin
table3. Therefore,

.

%ivergence= 1.97K&forseriesI andII

= 29.4 forseriesI
= 4$2 forseriesII

= ~, ingeneral
q*

.

b
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TABLEl.-ORDINATESUSEDTo GENERWZ

THEAIRFOIL-SEAF!EDBODY

s/L R/L

o.m~ 0.0154
.0075 .0186
.0125 .0237
●025 .0315
●W .0435
●075 .0529
.10 .0608
.15 .0732
.20 .C829
.25 ●Ogol
.30 .0954
●35 .0985
.40 .0999
.45 ●@93
.50 .0960
.55 .0906
.60 .0829
.65 .0736
.70 .0631
.75 .0516
.80 .0397
.85 .0277

.0162
:E .0061

1.00 0

.

.

.

—.

b
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TABLE2.-DIAMHTRSANDEFFECTIVESPRING

CONSTANTSOF STRUTS

Strutdiameter,
Strut in. Kh %!

A 0.040 10 20

B .lCO 50 250

c .166 110 430

D .251 2m 820

●
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(a)Opentube.
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(b)Airfoil-shapedbd.y.

Figure2.-ModelsmountedintheLangley4.5-footflutterresesrchtunnel.
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Figure3.- Plotofexperimentalsleed,dymmic-pressure,andfrequency
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Fi~e 4.-Plotoffrequencyofyawingoscillationsagainstairspeedfor
theafifoil-shapedbody. (Table3,testseries11.)
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